The effect of temperature and density dependence of the asymmetric nuclear matter properties is studied within the extended relativistic mean field (ERMF) model, which includes the contribution from the self and mixed interaction terms by using different parametrizations obtained by varying the neutron skin thickness ∆r and ω-meson self-coupling (ζ). We observed that the symmetry energy and its slope and incompressibility coefficients decrease with increasing temperatures up to saturation densities. The ERMF parametrizations were employed to obtain a new set of equations of state (EOS) of the protoneutron star (PNS) with and without inclusion of hyperons. In our calculations, in comparison with cold compact stars, we obtained that the gravitational mass of the protoneutron star with and without hyperons increased by ∼ 0.4M ⊙ and its radius increased by ∼ 3km. Whereas in case of the rotating PNS, the mass shedding limit decreased with increasing temperature, and this suggested that the keplerian frequency of the PNS, at T = 10 MeV should be smaller by 14 − 20% for the EOS with hyperon, as compared to the keplerian frequency of a cold compact star.
I. INTRODUCTION
The behavior of nuclear matter at high density and finite temperature is one of the challenging problems in contemporary modern nuclear physics. Among the successful and widely used approaches to study nuclear matter are nonrelativistic mean field theory, with effective nucleonnucleon interactions such as skyrme forces [1] [2] [3] , and relativistic mean field (RMF) theory [4] .
The RMF theory is more fundamental as it starts from hadronic field theory with strongly interacting baryons and mesons as degrees of freedom [5] , and it describes very well the basic properties of nuclei near the valley of stability [6] and the properties of exotic nuclei with large numbers of neutrons or protons [7] . The properties of cold nuclear matter can be studied by imposing the constraints of bulk nuclear matter properties at the saturation density ρ 0 = 0.16 f m −3 , recent experimental limits establish the following values: symmetry energy E sym = 30 ± 5MeV [8, 9] , slope of symmetry energy L = 88 ± 25MeV [10] , and incompressibility coefficient K = 240 ± 20MeV [11] [12] [13] . It is considered theoretically that the density dependence of symmetry energy can be
represented by E sym (ρ 0 ) = 31.6(ρ/ρ 0 ) γ , with γ=0.69-1.05 at subnormal density [10] , which led to the extraction of a value for the slope of the nuclear symmetry of energy L = 88 ± 25MeV. This symmetry energy value is also in harmony with the symmetry energy obtained from the isoscaling analysis of the isotope ratio in intermediate energy heavy ion collisions [14] .
Recently, heavy-ion reactions induced in laboratories have provided the atmosphere necessary to produce hot neutron rich matter similar to that existing in astrophysical situations. The reactions especially, which are induced by radioactive beams, provide a unique means to investigate the isospin-dependent properties of asymmetric nuclear matter at Cooling Storage Ring (CSR) at the HIRFL in China, the Radioactive Ion Beam (RIB) at RIKEN in Japan, FAIR/GSI in Germany, SPIRAL2/GANIL in France, the Facility for Rare Isotope Beam (FRIB) in the United States. The heavy ion collision data from analyzing isospin diffusion and size of the neutron skin in 208 Pb [4, 10] have helped us significanty in understanding symmetry energy. The symmetry energy of hot neutron rich matter in a low density regime [15] is important for understanding the liquid gas phase transition of asymmetric nuclear matter, the dynamical evolution of massive stars and the supernova explosion mechanism.
The density dependence of symmetry energy influences the nature and stability of the phases of compact star (CS), the feasibility of direct URCA cooling process within interior of CS, the composition and thickness of inner crust of CS, the frequency of its crustal vibrations and radius of CS.
Many correlations have been studied to understand the density behavior of symmetry energy [16] .
However, the fundamental origin of this apparent evolution of symmetry energy is still not clear, and it is particularly important to understand to what degree its evolution depends on the density and /or temperature of nuclear matter. Apart from symmetry energ y, the nuclear matter equation of state (EOS) also depend upon the values of incompressibility [17] . In recent times the giant monopole resonance has made it possible to find the value of incompressibility [18] . Accurate knowledge of the density and temperature dependence of symmetry energy and incompressibility can lead to plausible EOS of the asymmetric matter.
The properties of the compact stars are mainly determined by the EOS of nuclear dense matter, which is charge neutral matter in β equilibrium [19] . Any given EOS of baryonic matter determines uniquely the mass-radius relationship of a compact star and, in particular, the maximum mass a compact star can achieve before collapsing into a black hole [20] . Theoretical investigations of high-density β stable have lead to the conclusion that hyperons will appear at densities of about 2-4 times the saturation density (ρ 0 ) and soften the EOS in high density regimes, as the conversion of nucleons to hyperons can relieve the fermi surface and leads to a reduction of compact star mass [21, 22] . For compact star matter with uniform distribution, the composition is determined by the requirement of charge neutrality and β-equilibrium conditions. The threshold density for a hyperon species is determined not only by its charge and mass but also by the meson fields. The stiffer the EOS without hyperons is, the greater is the softening effect when hyperons are included [20, 23] . Further the presence of hyperons should allow direct URCA like cooling involving the beta decay of the hyperons.
In this work we have extended our previous ERMF model [24] to study the effect of temperature on asymmetric nuclear matter and the properties of protoneutron stars (PNS). This paper is organized as follows. In Sec. II, we briefly describe the extended relativistic mean field theory.
In Sec. III we present the results and discussion for nuclear matter properties and structure properties of non rotating PNS and rotating PNS with keplerian frequency. In Sec. IV we present our conclusions for the present work.
II. FORMALISM
The Lagrangian density for the ERMF model describes the interactions from self and mixed terms for the scalar-isoscalar (σ), vector-isoscalar (ω), and vector-isovector (ρ) mesons [24, 25] .
For completeness the Lagrangian density for the extended ERMF model can be written as,
The description of the various terms of the Lagrangian and the Euler-Lagrangian equations for ground state expectation values of the meson fields are provided in Ref. [24] . At finite temperatures the baryon vector density ρ B , scalar density ρ sB and charge density ρ p are, respectively,
Here, γ is the spin-isospin degeneracy. M * B = M B −g σB σ−g σ * B σ * is the effective mass of the baryon species B = (p, n, Λ, Σ ± , Ξ ± ), k B is its Fermi momentum and τ 3B denotes the isospin projections of baryon B.
The thermal distribution function in these expression are defined by
where
are the effective energy and effective chemical potential respectively.
The energy density of the uniform matter in the ERMF models is given by
The symmetry energy E sym , the slope L, and the incompressibility K can be evaluated as
where ρ 0 is the saturation density, E(ρ.δ) is the energy per nucleons at a given density ρ and asymmetry parameter δ = (
) and E 0 (ρ) = E(ρ, δ = 0) is the energy per nucleon for symmetric matter.
III. RESULT AND DISCUSSIONS
In the present work we have employed parametrization sets of the ERMF model, BSR1 -BSR21 [24, 26] , generated by varying the ω meson self-coupling ζ and neutron skin thickness ∆r for the 208 Pb nucleus. These parametrizations have been obtained so as to reproduce the nuclear structure properties in finite nuclei and bulk properties of nuclear matter at nuclear saturation density [24] .
The parametrization sets BSR1-BSR7 correspond to the value of ω meson self-coupling ζ = 0.0, [ 24] , and its value X ωy varies from 0.5 to 0.8, where X ωy is defined as,
where g ωY and g ωN are the ω-meson-hyperon and ω-meson-nucleon coupling parameters.
A. Nuclear Matter Properties
We study the properties of symmetric and asymmetric nuclear matter for different parametrizations of the ERMF model at temperatures of 0 to 30 MeV. In Table I we present the results for the bulk properties of nuclear matter at saturation density for the parameters BSR1, BSR7, BSR8, BSR14, BSR15, and BSR21 at temperatures T = 0, 10, 20, and 30 MeV. It is found that the bulk properties at saturation densities remain almost the same up to 20 MeV, but as temperature increases further these properties start varying significantly. The results for the saturation density (ρ 0 ), energy per nucleon (E/A), incompressibility coefficient for symmetric nuclear matter (K), symmetry energy (E sym (ρ 0 )), linear density dependence of symmetry energy slope (L) and effective nucleon mass (M * ) for the various parametrizations at saturation density are given in Table   I . It can be seen from Table I In Fig. 3 we compare the density dependence of the incompressibility coefficient at finite temperatures for various parametrizations with cold nuclear matter. It is found that the incompressibility coefficient at finite temperature has shown change below neutron saturation densities ρ 0 = 0.15 fm −3 only, and K gain maximum value in the range of densities of ∼ 0.4 to 0.5 f m −3 .
The maximum value is very sensitive to ζ, remains almost same on varying ∆r, and decreases with increasing temperature. Further, we explore the effect of density on energy per nucleon (E/A) for symmetric nuclear matter and pure neutron matter at finite temperatures as shown in 
B. Non Rotating PNS
We discuss the properties of protoneutron star composed of charge neutral nuclear matter at different temperatures. The fixed total baryon density is given as,
the charge neutrality condition is given as
and the chemical equilibrium conditions,
are satisfied. For density higher than 0.5ρ 0 the baryonic part of the EOS is evaluated within the ERMF model, whereas the contributions of the electrons and muons to the EOS are evaluated within the Fermi gas approximation. At densities lower than 0.5ρ 0 down to 0.4 x 10 −10 ρ 0 we use the EOS of Baym et al. [29] . The properties of nonrotating compact star are obtained by integrating the Tolman-Oppenheimer-Volkoff equations [30] . In Fig. 11 we present the gravitational mass and radius relationship for the PNS. In Tables II-IV we have presented the key structural properties of compact stars at finite temperature; properties such as maximum gravitational mass, radius at maximum gravitational mass, radius for star with canonical mass (1.4M ⊙ ), and gravitational redshift of the photon Z sur f emitted from the compact star surface for a star with maximum mass and canonical mass using BSR1-BSR21 parametrizations at temperatures of 0, 3, 5, and 10 MeV without and with the inclusion of hyperons for X ωy =0.50 only. It is observed from the Tables II-IV that with an increase in the value of the ζ parameter the mass of the compact star decreases, whereas with a rise in temperature the mass of the compact star increases. Further with increasing ∆r the mass increases for all temperatures. It is also observed that when the temperature changes from 0 to 3 MeV there is an increase in the mass of the compact star by ∼ 0.2 to 0.4M ⊙ , but on further increasing temperature T ≥ 5
MeV this increase in mass of compact star becomes very small. Also the increase in the radius at maximum mass and canonical mass (M max and M 1.4 ) with temperature is ∼ 1.5 − 2 km initially but becomes smaller with further increase in temperature. The radius also increased on increasing ∆r for all temperatures but decreased with increase in the value of the ζ parameter. The results for gravitational redshift of the photon Z sur f emitted from the surface of the compact star, can be computed as;
where R is the radius and M is the gravitational mass of the compact star. It is clear from Tables II-IV tions are stable with respect to the small axisymmetric perturbations; the slanting dotted (blue) line corresponds to the axisymmetric instability limit. In the Kepler limit sequences, the gravitational maximum mass of the PNS increase with increases in temperature by 20% − 23% and its corresponding equitorial radius increases by 25% − 46%, with respect to its non rotating gravitational maximum mass and radius, respectively. These observations are reasonably well within the predictions provided in Refs. [33, 35] and are slightly higher in the case of the PNS with hyperons.
Compared with the cold nuclear matter compact star, the Keplerian angular velocity of the PNS decreases by 5% − 8% in the case of the PNS without hyperons, and it is 14% − 20% for the PNS with hyperons.
IV. CONCLUSION
The effect of temperature and density dependence of the asymmetric nuclear matter properties is studied within the ERMF model which includes the contribution from the self and mixed interaction terms by using different parametrizations obtained by varying the neutron skin thickness ∆r and the ω-meson self coupling (ζ). We studied the bulk properties of cold and warm nuclear dense matter at finite temperature, and compared the structural properties of non rotating and rotating cold compact stars with PNS, constructed within ERMF model.
We observed that the changes in bulk properties at saturation densities are negligible till a temperature of 20 MeV but as temperatures increase further these properties start varying significantly. It is found that variation in the values of symmetry energy becomes reasonably large as the value of the neutron skin thickness increases, where as the value for the slope of symmetry energy remains unaffected at T = 0 and 30 MeV. The value of the incompressibility coefficient is sensitive to ζ and indicates the change at T = 30 MeV. the energy per nucleon for symmetric nuclear matter decreases sharply as compared to the energy for pure neutron matter at very low densities, and upon increasing the ζ the decrease becomes moderate whereas upon increasing ∆r the value remains almost the same. It is observed that with the increase in the asymmetry parameter δ, the EOS become stiff and the trend continues until it becomes pure neutron matter. It is found that the temperature dependence of the symmetry energy is more sensitive to the small values of ∆r. Although the symmetry energy decreases with increases in temperature, at very low density (∼ 0.02 f m −3 ) the trend reverses.
In our calculations at finite temperature, neutrons, protons, Λ hyperons, and electrons become abundant at baryon density lower than their particle threshold density in the cold nuclear matter, where as Ξ hyperons disappears even at T = 3 MeV. The EOS of warm dense nuclear matter becomes stiffer than the EOS of the cold dense nuclear matter of the compact stars, even if we include the exotic matter. We varied the hyperon meson coupling parameter X ωy from 0.50 to 0.70 at all temperatures and found that on increasing the coupling parameter the maximum gravitational mass of the star increased and this increase was large for the smaller values of ζ and small for the larger values of ζ. Values of all the properties such as mass, radius, and gravitational redshift decreased upon inclusion of hyperons for all the parametrizations. We obtained that the gravitational mass of the PNS with and without hyperons increased by ∼ 0.4M ⊙ and its radius increased by ∼ 3km, and the radius R 1.4 at the canonical mass of the computed data increased by 3-6 km, where as the value of the gravitational red shift at finite temperature decreased approximately 0.03-0.07.
In the Kepler limit sequences, the gravitational maximum mass of PNS increase with increase in temperature by 20% − 23% and its corresponding equitorial radius increased by 25% − 46%, with respect to its non rotating gravitational maximum mass and radius, respectively. The Keplerian angular velocity of PNS without hyperons decreased by 5%-8% and it decreased by 14%-20% for PNS with hyperons, in comparison to the cold CS without and with hyperons, respectively. 
